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Introduction
Metabolic syndrome (MS) is characterized by a cluster of cardiovascular and metabolic alterations, including central (abdominal) obesity, insulin resistance/glucose intolerance, atherogenic dyslipidaemia and elevated blood pressure, and exhibits a high prevalence in the adult population worldwide (Grundy et al. 2004) . The pathophysiology of MS is associated with additional contributing conditions of a pro-oxidant, pro-thrombotic and pro-inflammatory state. In addition to the above-mentioned conditions, a predominant underlying risk factor for the syndrome appears to be physical inactivity (Grundy et al. 2004; Hamilton et al. 2014) .
It has already been demonstrated, in different experimental models of MS, that the syndrome is associated with several microcirculatory alterations, including impaired endothelial microvascular function and capillary rarefaction in skeletal muscle and in the heart (Nascimento et al. 2013) . Moreover, microvascular rarefaction is present in the cerebral cortex in the obese rat model of metabolic syndrome (Estato et al. 2017) . These previous observations may have an important impact on the patterns of blood flow within the skeletal muscle microcirculation, contributing to the elevation of peripheral vascular resistance and to an increase in the number of cardiovascular deaths (Greene et al. 1989) . Target organs that are specifically affected are highly vascularized and include the brain, the heart and the kidneys (Aguilar et al. 2015; Estato et al. 2017) .
A primary goal of the clinical management of MS is to reduce risk factors through lifestyle changes, and regular exercise is associated with a host of health benefits. Regular exercise has positive effects on obesity, metabolic dysfunctions, endothelial dysfunction and microvascular rarefaction (Machado et al. 2014 (Machado et al. , 2016 Baetge et al. 2017) . However, despite the consensus on the relationship between physical exercise and health, the level of physical activity that is required to induce effective changes in the multiple chronic alterations that make up MS is currently unclear (Haskell et al. 2007) .
Current exercise recommendations for obese persons from the American College of Sports Medicine (ACSM) are based on low-intensity aerobic activity with a progressively increasing duration, a frequency of ࣙ5 days a week, and a duration between 30 and 60 min (can be divided into two sessions per day of 20-30 min; ACSM, 2009). The National Institutes of Health (NIH) recommends 30 min for 3 days a week, leading up to 45 min of more intense walking at least 5 days a week (NIH, 1998) .
In contrast to these recommendations, the Institute of Medicine (IOM) notes that 30 min of activity per day can be insufficient to maintain body mass index within the recommended range of 18.5-25 kg m −2 to achieve full health benefits. The recommendation is that the individual complete 60 min of moderate physical activity (walking or light jogging) per day (Brooks et al. 2004) . Several studies have also indicated that physical activity at a moderate intensity that lasts between 150 and 250 min per week provides a modest reduction in body weight, whereas a longer duration of exercise (>250 min per week) is associated with a clinically significant weight loss (Gremeaux et al. 2012) . However, a small amount of exercise (30 min, three times a week or two sets of 10 or 15 min three times a week) was sufficient only in the prevention of weight gain (Borg et al. 2002) . In addition to the divergence of the frequency and duration of exercise for body weight control, there is currently no consensus regarding which intensity should be used to treat MS. Most recently, high-intensity exercise has been used to reduce insulin resistance and other cardiovascular disease risk factors to a greater degree than moderate-intensity continuous training in patients with cardiometabolic diseases (Weston et al. 2014) . Studies have also reported greater improvements in glucose metabolism and endothelial function after high-intensity training compared with moderate exercise in overweight and/or obese individuals (Little et al. 2014) . However, several studies showed that high-intensity exercise may induce structural damage to muscle cells, inflammatory reactions within the muscle, and oxidative stress in skeletal muscle cells and in total blood, thus nullifying the many beneficial effects of exercise (Pereira et al. 2013) .
The adaptive response induced by exercise training is a complex process that includes structural and functional factors, and it is highly dependent of the interaction between the frequency, intensity and duration of training (Wernbom et al. 2007) . Although many such variables and their adaptive responses to training have been documented, there is not sufficient in-depth information to determine what is the best combination of these variables to use in models to quantify exercise benefits in MS.
Thus, the aims of this study were as follows: (i) to assess the potentially beneficial effects of several combinations of duration, frequency and intensity of exercise on the capillary density of skeletal muscles and the heart; and (ii) to determine the impact of the management of exercise variables on metabolic and histological parameters of adipocytes, liver tissue and cardiomyocytes in an experimental model of MS. The primary hypothesis was that physical exercise intensity would be more effective in improving microcirculatory and metabolic parameters than exercise frequency or duration. The secondary hypothesis was that a higher dose of exercise training (combination of a high frequency, duration and intensity) would lead to a greater effect (dose-response effect) on MS parameters than any other protocol combination.
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Methods
Ethical approval
The handling procedures and testing that were used in this study were approved by the ethics committee on animal use (CEUA) of the Oswaldo Cruz FoundationFiocruz, protocol number LW-21/10, under the provisions of Brazilian Law #11794/08 for the use of laboratory animals in scientific experiments. The experiments were performed on male Wistar-Kyoto rats (WKY; Oswaldo Cruz Foundation Animal Facilities, Brazil) that were kept in conditions of controlled humidity (60 ± 10%), temperature (21 ± 2°C) and light (12 h-12 h light-dark cycle; lights were turned on at 7 AM and turned off at 7 PM) with free access to food and water. On completion of the experiment, animals were humanely killed with an anaesthetic overdose (pentobarbital 150 mg kg −1 , I.P.; Sigma Chemical Co., St Louis, MO, USA).
Study design
A complete description of the study design is presented in Fig. 1 . In brief, the study was designed to evaluate the effects of a dose-response exercise trial on an MS animal model, with two non-exercised control groups and eight exercised groups.
At 6 weeks of age, rats (n = 150) were randomly divided into two experimental groups and were fed either standard chow (CON; n = 15) or a high-fat diet (HFD; n = 135) for 32 weeks. In the 20th week, animals that received the HFD were randomly separated into a sedentary group (SED, n = 15) or eight training groups that differed in weekly frequency (three or five times), session duration (30 or 60 min) and training intensity [60 or 80% of the maximal speed obtained in the maximal exercise running test (MERT)] as follows: (i) 3.30.60, n = 13; (ii) 3.30.80, n = 14; (iii) 3.60.60, n = 12; (iv) 3.60.80, n = 12; (v) 5.30.60, n = 12; (vi) 5.30.80, n = 12; (vii) 5.60.60, n = 13; or (viii) 5.60.80, n = 12. Exercise training on a treadmill (model HT 2.0; Hectron Fitness Equipments, Rio de Janeiro, Brazil) began in the 20th week and lasted for 12 weeks (Machado et al. 2014) . Resting blood pressure (BP), heart rate (HR) and MERT were measured pretraining (20th week). An intermediate MERT was carried out 6 weeks (26th week) after initiating the training programme to adjust the intensity of exercise training and after 12 weeks of training (32nd week) Blood pressure, HR, MERT, dual-energy X-ray absorptiometry (DEXA), intraperitoneal glucose tolerance test, lipid profile assay and histological analysis were performed.
Composition of the diet
The standard chow diet (CON) contained 23% protein, 71% carbohydrates, 6% lipids and 1.3% NaCl; the high-fat diet (HFD) contained 14% protein, 56% carbohydrates, 30% lipids and salt supplementation (standard chow + corn starch + condensed milk + animal fat + 0.5% NaCl). The main fat source in the HFD was saturated fat (lard; Nascimento et al. 2013) . After mixing all components, the feed was transformed into soft pellets to facilitate ingestion by the animals.
Maximal exercise running test
To determine maximal capacity of exercise and individual exercise intensity, a MERT was carried out with a treadmill. The MERT began at an initial velocity of 10 m min −1 , which was increased by increments of 3 m min −1 every 3 min ). The test was terminated when the animals were exhausted and remained at the end of the mat on the shock grid for 5 s. For each MERT trial, time to exhaustion, maximal speed and maximal distance were recorded. Maximal speed was used to determine the training intensity of the animals (60 or 80% of the MERT).
Exercise training protocol
The exercise training protocol began in the 20th week of HFD feeding and lasted for 12 weeks (Machado et al. 2014) . The animals were exercised during the morning on a motor treadmill (model HT 2.0; Hectron Fitness Equipments), with 0% slope, and carried out respecting the characteristics of each experimental group (frequency of three or five times, session duration of 30 or 60 min, and training intensity of 60 or 80% of the maximal speed obtained in the MERT). During the MERT and exercise training protocol, a shock grid that deliver low electrical currents of ß2 mA was used to induce the rats to run.
Resting blood pressure and heart rate Systolic blood pressure (SBP) and HR were measured with a computerized tail-cuff plethysmography system (Visitech Blood Pressure Analysis System, model BP 2000; Visitech, Apex, NC, USA) in awake animals in the morning (08.00-12.00 h). At least 1 week before recording the arterial pressure, rats were acclimated for 3 days consecutively using the prewarmed (37°C) tail-cuff device. The SBP and HR were measured at the beginning and the end of the training protocol.
Metabolic measurements
An intraperitoneal glucose tolerance test was performed in animals after 8 h of fasting. A blood sample was obtained through a little incision of the tail tip to measure the blood glucose concentrations at 0, 30, 60 and 120 min after the administration of a glucose overload (2.0 g kg −1 ; Mikus et al. 2010) , and the areas under the glucose curves were calculated. A portable glucose monitor was used to measure venous blood glucose concentrations (One Touch Ultra 2 R ; LifeScan Inc., Johnson & Johnson, Milpitas, CA, USA). Plasma insulin concentrations were measured via the radioimmunoassay method (ImmuChem TM Coated Tube 125 I RIA Kit; MP Biomedicals, Santa Ana, CA, USA). Insulin resistance was evaluated with the homeostasis model of assessment-insulin resistance (HOMA-IR) formula: fasting glucose (mmol l −1 ) × fasting insulin (μUI ml −1 )/22.5.
Lipid profile assay
A blood sample was obtained for lipid profile assay via cardiac puncture after at least 8 h of fasting.
For cardiac puncture, animals were anaesthetized with pentobarbital (initial dose 75 mg kg −1 , I.P., followed by supplementary doses of 10-20 mg.kg −1 , I.P., as required; Sigma Chemical Co.). Immediately after cardiac puncture, animals were humanely killed with an anaesthetic overdose (pentobarbital 150 mg kg −1 , I.P.). The total cholesterol (TC), high-density lipoprotein cholesterol (HDL-c) and triglyceride (TG) concentrations were directly measured via enzymatic methods (Colesterol Liquiform R ; Labtest, Lagoa Santa, MG, Brazil). The low-density lipoprotein cholesterol (LDL-c) concentration was estimated indirectly using the Friedewald equation (Friedewald et al. 1972) , as follows:
Quantification of retroperitoneal and epididymal fat
After the death of the animals, retroperitoneal and epididymal fat were dissected and weighed on an analytical balance that was accurate to 0.01 g. Retroperitoneal fat was considered to be the fat depots that were attached to the posterior abdominal wall, around the kidneys and the abdominal portion of the ureter. Abdominal fat that was located in the lower abdomen and was attached to the epididymis was considered to be epididymal fat.
Body composition assessment via DEXA
The body fat percentage of the animals was determined with DEXA methodology (Lunar IDXA ME; GE Healthcare, Little Chalfont, UK) after they had consumed the HFD for 32 weeks and was quantified with Encore 2008 software (Version 12.20; GE Healthcare). The equipment calibration was carried out following the manufacturer's recommendations and was performed on each day of the evaluation. For the analysis, the animals were anaesthetized by administration of an initial dose of sodium pentobarbital of 35 mg kg −1 , I.P., followed by supplementary doses of 10-20 mg kg −1 , I.P., as required; Sigma Chemical Co.) and placed under the scanning area of the equipment in the ventral decubitus position. The scanning was performed by following a sagittal line that was demarcated by the device, which passed under the centre of certain anatomical points, such as the skull, spine and pelvis.
Histochemical analysis of hepatic steatosis
To evaluate hepatic steatosis, liver samples were stained with Haematoxylin and Eosin, and a fluorescence microscope was used for visualization (Olympus BX50/WI, USA). Data were recorded by a digital video camera coupled to the microscope (Optronics, Goleta, CA, USA). We used a ×20 objective lens and ×200 M. V. Machado and others magnification on the monitor. The liver fat content was calculated by counting the number of pixels in five digital images of each animal of each group (Image-Pro 6.3 software, Media Cybernetics, Rockville, MD, USA).
Histochemical analysis of adipocyte size
Retroperitoneal fat was used for the assessment of adipocyte morphometry. The tissue was stained with Haematoxylin and Eosin, and a digital video camera (Optronics) coupled to a fluorescence microscope (Olympus BX50/WI, USA) was used for adipocyte visualization. We used a ×20 objective lens and ×200 magnification on the monitor. The adipocyte diameter was measured longitudinally and transversally in five digital images of each animal of each group (Saisam 5.1.3 software; Microvision, Evry, France).
Histochemical analysis of structural capillary density of the skeletal muscle
Samples of the gracilis muscle were dehydrated in a graded series of ethanol (70, 95 and 100%), embedded in paraffin and stained with a fluorescein isothocyanate (FITC)-conjugated Griffonia simplicifolia I lectin at a dilution of 1:150 in a dark, humidified chamber at room temperature for 45 min to label capillary endothelial cells. The structural capillary density (number of capillaries per square millimetre) and the structural fibre density (number of muscle fibres per square millimetre) were identified and recorded with a fluorescence microscope (Olympus BX51 and FluoView SV 300 scanning unit; Olympus) and analysed with the Saisam software. The structural capillary density of the skeletal muscles was evaluated in at least seven microscopic fields from randomly selected tissue sections. The capillary-to-fibre ratio was calculated by dividing the capillary density by the fibre density and considered to be an anatomical index of angiogenesis.
Histochemical analysis of structural capillary density of the left ventricle
Samples of the left ventricle were dehydrated in a graded series of ethanol (70, 95 and 100%), embedded in paraffin and stained with an FITC-conjugated G. simplicifolia I lectin at a dilution of 1:150 in a dark, humidified chamber at room temperature for 45 min to label capillary endothelial cells. The left ventricular structural capillary density was determined with the orientator method as previously described (Mattfeldt et al. 1985) . Briefly, the orientator method is an approach that generates isotropic, uniform and random sections of biological specimens, which allows for the quantitative study of three-dimensional anisotropic structures on two-dimensional sections. The myocardium is an anisotropic structure, but isotropic sections are necessary for a stereological study. The technique was performed by cutting the organ using the 'orthrip' method (Mattfeldt et al. 1985) , which turns the samples into uniformly isotropic sections by dividing the fragment three times consecutively; the first section is random, the second section is orthogonal to the first, and the third section is orthogonal to the second. For each animal, at least seven microscopic fields were randomly examined from the three sections of tissue. The volume density of the capillaries (Vv [cap] ) was calculated as follows: Vv [cap] = Pp/PT (%), where Pp is the number of points that intersected the capillaries and PT is the total number of test points (PT = 64 in the present case). The fibre volume density (Vv [fib] ) was calculated in a similar manner. The ratio of the capillary volume density to the fibre volume density (Vv [cap] /Vv [fib] ) was calculated to negate any influences of cardiac hypertrophy on myocardial capillary density.
Drugs
The following drugs were used: sodium pentobarbital, pancuronium bromide, Haematoxylin, Eosin and FITC-conjugated G. simplicifolia I lectin (Sigma Chemical Co.).
Statistical analysis
Data are expressed as the means ± SD. Morphological variables (weight, weight gain, fat percentage and fat weight), histochemical data and haemodynamic variables (SBP and HR) were compared via one-way ANOVA. The MERT variables (time to exhaustion and maximal velocity) were compared at the pre-and post-training times using two-way ANOVA. A three-way ANOVA (frequency × duration × intensity) was applied to examine the main effects of interactions with microcirculation and MS variables. Tukey's post hoc test was used when P < 0.05. The calculations were performed with a commercially available, computer-based statistical package (SAS 6.11; SAS Institute Inc., Cary, NC, USA; or GraphPad InStat 5.0; GraphPad Software, La Jolla, CA, USA).
Results
Maximal exercise running test
Baseline characteristics did not differ significantly between the exercise and control groups (Table 1) , including time to exhaustion, maximal speed and maximal distance. As expected, after 12 weeks of training, maximal capacity to perform exercise was increased in all the experimental exercise groups, and an additional improvement was observed in the 5.30.80, 5.60.60 and 5.60.80 groups compared with the other exercised groups. However, three-way ANOVA revealed a main effect of exercise frequency that was stronger than that of duration and intensity that improved the time to exhaustion, maximal speed and maximal distance (Table 2) .
Resting blood pressure and heart rate Physical exercise significantly reduced systolic blood pressure (ß8-16%, P < 0.01) and heart rate (ß6-7%, P < 0.05) in all the exercise training groups (Table 3) . Haemodynamic parameters were significantly affected by the frequency (P < 0.01) and duration (P < 0.001) of exercise (Table 2) .
Body weight and body fat
Exercised rats experienced a 7-15% decline in total weight compared with the SED group, but the differences were statistically significant only in the groups that had performed > 150 min per week of exercise (P < 0.05). Body fat percentage, as measured with the DEXA scan and abdominal fat depots (retroperitoneal and epididymal fat), was reduced only in the groups with a large amount of exercise (300 min per week; 5.60.60 and 5.60.80 groups). Exercise frequency (P < 0.01) and duration (P < 0.001) were the main factors responsible for the improvement in body weight and body fat depots (Table 2) .
Lipid profiles
Total cholesterol, LDL-c and HDL-c did not differ significantly between the CON and SED groups (Table 3) . However, the triglyceride concentration was increased in animals that consumed an HFD (P < 0.05). A large amount of exercise training (300 min per week; 5.60.60 and 5.60.80 groups) reduced triglycerides and total cholesterol below the control group values. With regard to abdominal fat depots, exercise frequency (P < 0.01) and duration (P < 0.001) were identified with three-way ANOVA as the main factors to improve the lipid profile ( Table 2) .
Evaluation of glucose metabolism and insulin sensitivity
Exercise had significant effects on blood glucose after the glucose challenge only in the five times per week exercise groups (P < 0.05). Compared with the CON group, blood glucose concentrations in the SED and 3 times per week exercise groups were significantly higher after the glucose challenge (P < 0.05; Fig. 2B ). However, exercise training decreased fasting glucose (ß16-21%; P < 0.05) and HOMA-IR values compared with the SED group (P < 0.05; Table 2 ). No significant changes were observed in fasting insulin.
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Assessment of adipocyte diameter and hepatic steatosis
As expected, the SED group showed a significant increase in adipocyte diameter and liver fat content; fat depots were predominantly located in the perivenular zone and spread out to the external areas of the lobule. All the exercise groups exhibited a reduction in adipocyte diameter and hepatic steatosis ( Fig. 3A and B) . Three-way ANOVAs indicated that exercise frequency (P < 0.0001) and exercise duration (P < 0.0001) had pivotal roles in the reduction of adipocyte diameter, whereas only exercise duration (P < 0.01) significantly improved hepatic steatosis.
Structural capillary density assessment
As shown in Fig. 4A and B, the SED group exhibited significantly fewer capillaries in skeletal muscle (capillary/fibre ratio 1.53 ± 0.0; P < 0.05) and the left ventricle (Vv [cap] /Vv [fib] ratio 0.20 ± 0.0; P < 0.05) compared with the CON group (capillary/fibre ratio 2.14 ± 0.0 and Vv [cap] /Vv [fib] ratio 0.42 ± 0.0). A minimal amount of exercise of 150 min per week was required to increase structural capillary density in the skeletal muscle (capillary/fibre ratio from 1.71 ± 0.0 to 2.85 ± 0.1), and 90 min per week was required to reverse the microvascular rarefaction in the left ventricle completely (Vv [cap] /Vv [fib] ratio from 0.35 ± 0.0 to 0.61 ± 0.0). No differences were observed between the CON and training groups.
Exercise frequency (P < 0.0001) and duration (P < 0.0001) were the main factors associated with the improvement in capillary density in skeletal muscle, whereas exercise intensity was the main factor related to microvascular rarefaction reversion in the heart (Table 2) .
Discussion
The main findings of this study are as follows: (i) the combination of an increased intensity, duration and frequency of chronic aerobic exercise, i.e. increased training dose, results in improvements of cardiovascular and metabolic alterations in diet-induced MS; (ii) exercise frequency and duration are mainly related to anthropometric, metabolic and microvascular parameters in the skeletal muscle and the heart; and (iii) exercise intensity was the main factor for reversing microvascular rarefaction in the heart.
Maximal capacity to perform exercise
Low aerobic capacity is associated with a high mortality risk and with the appearance of several co-morbidities, 14.1 ± 4.2 13.3 ± 5.6
13.7 ± 9.2 14.4 ± 4.6
Abbreviations: HDL-c, high-density lipoprotein; HR, heart rate; LDL-c, low-density lipoprotein; and SBP, systolic blood pressure. * P < 0.05 versus CON. † P < 0.05 versus SED.
including obesity, hypertension and type 2 diabetes (Blair, 2009 ). We demonstrated here that exercise training increased the capacity to sustain exercise for an extended period of time in all experimental exercise groups. Three-way ANOVA revealed a main effect of exercise frequency on the improvement in time to exhaustion, maximal speed and maximal distance. Several studies have demonstrated the ability of high-intensity exercise to improve overall cardiovascular fitness compared with moderate-intensity exercise (Nybo et al. 2010) . In the present study, we used a slightly lower training intensity than that used in interval training studies, mainly because the exercise was performed for a long duration without any break. However, in agreement with previous studies that were performed with obese subjects, our findings demonstrated that increasing exercise intensity from mild to moderate/high did not provide any additional improvement in the capacity to perform exercise in this model of MS (Gutin et al. 2002; Wallman et al. 2009 ).
Although we did not measure aerobic capacity (V O 2 max ) directly, previous studies have shown that obesity status, in addition to reducingV O 2 max , can impair the ability of an individual to perform exhaustive work (Gutin et al. 2002; Machado et al. 2014) . 
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Adipocyte size and non-alcoholic fatty liver disease (NAFLD)
Our findings demonstrated that all exercise doses were efficient in reducing adipocyte size and markers of NAFLD, regardless of the frequency, duration or intensity of exercise. It is well recognized that the biological activity of adipose tissue can change according to the size of its cells. Larger adipocytes are more resistant to the actions of insulin and secrete higher levels of pro-inflammatory cytokines and less adiponectin, which mimics important complications that are associated with MS and contributes to the development of type 2 diabetes and hypertension (Le Lay et al. 2001) . The worsening of NAFLD can result in non-alcoholic steatohepatitis, which is a chronic and progressive disease of the liver that is characterized by severe liver enzyme abnormalities, especially in aminotransferases, and can lead to advanced fibrosis, cirrhosis, hepatocellular carcinoma and death related to liver disease (Pagano et al. 2002) . Thus, these changes that are induced by exercise are clinically important. These data corroborate previous studies showing that even a low amount of exercise reduced these important risk factors, even when weight reduction was not significant (Keating et al. 2015) .
Resting blood pressure and heart rate Systolic blood pressure and HR decreased by 13-26 mmHg and 23-28 beats min −1 , respectively, after 12 weeks of exercise. We noted that although large differences were observed between the exercise groups in these studies, none of the differences reached statistical significance. Thus, haemodynamic variables were highly responsive to aerobic exercise and were reduced in all the animals that were subjected to exercise. Moreover, in the present study, an increase in the exercise dose (frequency, duration Ketelhut et al. 2004) and HR (Ketelhut et al. 2004) . However, there were no greater reductions in SBP with further increases in the exercise dose (Ishikawa-Takata et al. 2003) .
Glycaemic parameters
Similar to haemodynamic variables, fasting glucose was reduced in animals in all the exercise groups. Although there were no significant changes in fasting insulin, the insulin resistance, which was evaluated by HOMA-IR, decreased in almost all the groups. Interestingly, when we analysed the areas under the glucose curves of the intraperitoneal glucose tolerance test, it was observed that animals that had trained three times per week still had impaired glucose tolerance. In contrast, training five times per week at any duration or intensity promoted the reduction of glucose intolerance. This finding suggests that the frequency at which the exercise is performed has a primary role in glucose intolerance. According to previous studies, a single session of aerobic exercise affects insulin sensitivity for 24-72 h (Wallberg-Henriksson et al. 1998); thus, more than two consecutive days without aerobic physical activity is not recommended (Sigal et al. 2006) . Moreover, it is reasonable to expect that performing exercise more frequently results in greater reductions in body fat, which in turn would lead to lower inflammatory processes and improvements in β-cell function (Utzschneider et al. 2004 ).
Body weight and fat depots
We noted that a minimum of 150 min per week of exercise was required to reduce body weight, and only a high amount exercise (300 min per week; 5.60.60 and 5.60.80 groups) reduced body fat percentage and abdominal fat depots. Our results are consistent with previous recommendations that physical activity at moderate intensity, lasting between 150 and 250 min per week, provides a modest reduction in body weight but is inefficient to maintain favourable energy expenditure to reduce body fat and abdominal fat (Gollisch et al. 2009) . A higher duration of exercise (>250 min per week) is associated with a clinically significant weight loss (Gremeaux et al. 2012) .
Microvascular parameters
Metabolic syndrome has been linked to several metabolic diseases, and it is strongly correlated with cardiovascular diseases; mortality is increased threefold in these individuals (Sarti & Gallagher, 2006) . In addition, MS leads to alterations in the structure and function of microvessels, with a negative impact on tissue perfusion (Nascimento et al. 2013; Machado et al. 2014) . Microcirculatory analysis has been gaining attention in the clinical setting because changes in reactivity and microvessel density are involved in the pathophysiology of hypertension and insulin resistance (Tibiriçá et al. 2007; Machado et al. 2014) .
In the present study, MS was induced by prolonged HFD intake and resulted in a substantial reduction in capillary density in both skeletal muscle and the heart. Several mechanisms might be involved in this process, such as chronic low-grade inflammatory processes, mainly induced by the pro-inflammatory cytokines tumour necrosis factor-α and interleukin-6 (Fain et al. 2007; Frantz et al. 2017) , reduction of NO bioavailability and increase of oxidative stress (Hansel et al. 2004) . A pro-inflammatory and pro-oxidative profile initially promotes an inhibition of endothelium-dependent vasodilatation and increased leucocyte adhesion to the endothelium, impairing vascular reactivity, and subsequently, increases endothelial cell apoptosis, leading to microvascular rarefaction (Marui et al. 1993; Bauersachs et al. 1999) .
Remarkably, with the exception of the low-dose exercise training group (90 min per week; 3.30.60 group), all other combinations of exercise increased capillary density. Several studies indicate that the benefits of exercise on microvascular rarefaction may be directly related to shear stress. Acutely, increased shear stress that is induced by exercise stimulates endothelial NO production and consequent vasodilatation. Chronically, structural adaptation is observed in the vessel, in part attributable to NO-mediated remodelling. Apart from its role in microvessel structure and reactivity, NO is an angiogenesis mediator that enhances cell proliferation via the synthesis of vascular endothelial growth factor and the inhibition of apoptosis (Dimmeler et al. 1999) . Moreover, exercise training has recently been considered to be a powerful stimulus that modulates miRNA-16, -21 and -126, which are linked to angiogenesis and apoptosis in the microcirculation (Fernandes et al. 2012) .
Exercise frequency and duration improved capillary density in the skeletal muscle. These results are consistent with studies showing that these characteristics of exercise training produce the largest relative increase in oxidative capacity and capillary density (Gute et al. 1994) and have been associated with less oxidative damage to the vascular endothelium. In the heart, the general model and exercise intensity have been identified as main factors in the improvement of microvascular rarefaction. High-intensity exercise has been associated with an increase in the expression of vascular endothelial growth factor and hypoxia-induced factor-1α, which leads to the initiation of angiogenesis and increases microvascular density in the heart in rats after myocardial infarction (Tang et al. 2011) , which explains, in part, the importance of exercise intensity in improvements in heart capillary density in the animals that were studied.
To our knowledge, the present study is the first to demonstrate that exercise frequency and duration are the main factors that improve MS parameters and capillary density in skeletal muscle. Increasing intensity was the main factor for reversing microvascular rarefaction in the heart only. The present data do not support the hypothesis that higher intensity aerobic exercise would be more effective in improving microcirculatory and metabolic parameters, compared with exercise frequency or duration, because increasing the intensity of the exercise does not provide additional benefits.
The present study indicates that the frequency and duration of aerobic exercise are determinant factors for the reversal of metabolic disorders in the experimental model of MS induced by HFD. Even if we take into consideration the metabolic and genetic differences between humans and animal models, it is reasonable to assume that this postulate holds true for patients with MS.
